This study aimed to identify differences in wing shape among populations of Melipona quadrifasciata anthidioides obtained in 23 locations in the semi-arid region of Bahia state (Brazil). Analysis of the Procrustes distances among mean wing shapes indicated that population structure did not determine shape variation. Instead, populations were structured geographically according to wing size. The Partial Mantel Test between morphometric (shape and size) distance matrices and altitude, taking geographic distances into account, was used for a more detailed understanding of size and shape determinants. A partial Mantel test between morphometris (shape and size) variation and altitude, taking geographic distances into account, revealed that size (but not shape) is largely influenced by altitude (r = 0.54 p < 0.01). These results indicate greater evolutionary constraints for the shape variation, which must be directly associated with aerodynamic issues in this structure. The size, however, indicates that the bees tend to have larger wings in populations located at higher altitudes.
Introduction
Morphometric analyses have been used to study patterns of geographic variation and intraspecific differentiation among bees Batalha-Filho et al., 2006; Mendes et al., 2007; Rattanawannee et al., 2012) . The shape of a biologic structure is determined by procedures occurring at different magnitudes and organisational levels of complexity. Therefore, the macroscopic phenotype of a biologic structure is the result of interactions between morphogenetic rules and external mechanisms related to ecological phenomena, as well as other complex stochastic and/or determining evolutionary forces (Levin, 1992) .
Geometric morphometrics is a suitable, fast and low-cost technique for analysing size and shape variation of organisms, and the anatomic markers help to identify shape variations among homologue morphological structures in different organisms (Francoy and Imperatiz-Fonseca, 2010) . The flat insect wings can reveal much information on wing shape and allow for the insertion of various anatomic markers formed mainly in nervure intersections (Grodnitsky, 1999) .
Plenty of studies with morphometry have been carried out using bee wings, especially for the evaluation of populational structures among the species occurring in Brazil Nunes et al., 2008; Francoy et al., 2011) . The Melipona quadrifasciata Lep., known as mandaçaia' is a well-studied stingless bee species found along the Brazilian coast, from the northeastern Paraíba state to the southern Rio Grande do Sul state (Moure and Kerr 1950; Nunes et al., 2008) . This bee species is considered suitable for rational keeping primarily due to traits such as being easy to rear, being widely spread in the country, and for producing a nicely-flavoured honey (Monteiro, 2000) . Melipona quadrifasciata Lep. has two subspecies, M. quadrifasciata quadrifasciata and M. quadrifasciata anthidioides, widely known for their morphology of tergal bands (yellow stripes in the abdomen) (Moreto and Arias, 2005) .Workers and males of M. quadrifasciata quadrifasciata have yellow and continuous tergal bands, three to five of them located in the third through the sixth segments. Workers and males of M. quadrifasciata anthidioides have two to five discontinued bands (Schwarz, 1948) . The latter is found in the cooler and usually higher locations in the semi-arid Bahia state.
Because M. quadrifasciata has an important ecological and economical role in different Brazilian states, this species was chosen for this study as part of continuous research for preservation of endemic species. The aim of this study was to identify a spatial structure for wing shapes based on geometric morphometrics among worker bees Melipona quadrifasciata anthidioides Lep. in the semi-arid region, identifying potential evolutionary units inside the group and allowing a better understanding of the processes driving population differentiation.
Material and Methods
Samples of M. quadrifasciata anthidioides were collected from local populations in 23 municipalities in the semi-arid Bahia state (Figure 1 ). The samples were col-lected from 3 colonies at each location, with the exception of 3 cities (i.e, due to the lack of other colonies, only 2 samples were obtained for these 3 locations). The right rear and forewings of 10 workers from each of the 66 colonies were analysed.
From the images obtained from pollen basket and wings, anatomic dotes were made using the Tpsdig2 (Rohlf, 2006) , as shown in the Figures 2 and 3 outline. The cartesian coordinates were given by the anatomic marks of each sampling group. These lined-up coordinates were used as shape variables imported to MorphoJ (Klingenberg, 2010) , and the orthogonal superposition was conducted using Procrustes superposition. The technique used for superposition minimises the sum of square distances between homologue anatomic markers by means of parameters that rotate, translate and create proportions in configurations. The resulting coordinates led to the mean shape of each sample unit.
After the software adjusted for size, position and orientation we calculated the Procrustes and the Mahalanobis distances, and performed a Canonical Variate Analysis among the local populations, analysing the multivariate scores from CVA (the canonical variables). Then a cross-validation was performed to check the consistency of the data and confirm if each individual studied belonged to the group previously determined by CVA. The PAST software was used for the UPGMA cluster analysis.
After these analyses, four triangular matrices were generated for the exploratory analysis of population variation in M. quadrifasciata anthidioides: shape distance (Procrustes), geographic distance, altitude, and distance matrix for size (Mahalanobis). We applied the Mantel Test for partial correlation with the NTSYSpc software with 5,000 permutations. The purpose was to identify associations among those variables, including the single correlation between matrix pairs and the more complex correlation effects involving three simultaneous factors.
Results
According to the forewing data analysed using the Analysis of Canonical Variables (ACV), no significant structuring differences among colonies of different sites were observed and the first eight variables were needed to explain more than 80% variation.
Mantel's correlation showed that wing shape was not determined by geographic distribution patterns. The dispersion diagram displays wing shapes with two uniform components and two relative deformations (Figures 4  and 5) .
The forewing data were cross-validated to classify the individuals reaching 43% within each group. This percentage was expected because differences among colonies were not significant and variations in wing shape occurred by chance. Only the Itiruçu colony had 100% cross-validation in the classification of individuals. This population might be in a process of geographical isolation from other individuals.
Results for forewings and rear wings were similar. The dispersion graphs for individuals in the space determined by two axes for relative deformation I and II, using the first and the second canonical variables (Figures 4 and 5). Although these two variables explained only 46.09% of the variation, they were used to provide a better visualisation and understanding of the results. It shows that M. quadrifasciata anthidioides did not cluster in different groups. Diagrams for relative deformations located around the dispersion graphs were also created and show wing shapes of individuals.
Analysis of the dispersion diagrams revealed no differences related to position of the anatomic markers responsible for the discrimination of population samples. The cross-validation of rear wing data showed 54% of the individuals properly classified in their respective sites.
Although shape was not geographically structured (p > 0.01), the Procrustes ANOVA showed significant differences in size (p < 0.001). The conclusion that wing size varies geographically was based on centroid size, due to centroid size being the only size variable that does not correlate to shape, thereby justifying the use of centroid size as the standard size variable in all the geometric analyses, rather than other variables (Bookstein, 1991) . The forewings of M. quadrifasciata anthidioides are smaller in Iaçú and wing size varied more importantly within the colony. In Tanhaçú, rear wings were smaller and sizes were more variable within the colony (Figures 6  and 7) .
Rear and forewings were not correlated (p > 0.05), that is, wing shape did not contribute for group formation nor differentiation among populations of M. quadrifasciata anthidioides. The correlation between geographic distribution and altitude was weak and did not significantly impact group formation (Table 1) 2007, 2008), the same does not seem to occur for wing shape. This might be associated to evolutionary constraints related to wing aerodynamic structure for flights. Wing shape variations were small and seemed to occur by chance around a very rigid pattern. These constraints, however, may represent a very interesting aspect for the development of morphometric techniques for the identification of this bee species.
The Mantel correlation between matrices shows a positive correlation between geographic distance and the Mahalanobis generalised size distance as well as a correlation between size distance and altitude with high significance and margins of error below 5%, indicating collinearity among these effects ( Table 2 ). The wing size is influenced by geographic distribution and altitude, however the largest variation contributing to the formation of distinct groups of M. quadrifasciata anthidioides along the semi-arid region of Bahia State is the effect of altitude.
Wing size obtained from the Mahalanobis distance and wing shape obtained from the Procrustes distance were not correlated (r = 0.03, p > 0.05), that is, size did not affect shape and vice-versa, demonstrating that these variables are independent.
Discussion
Wing shape can have more evolutionary constraints compared to wing size because shape is not associated with altitude or geographic variations. Size, on the other hand, can be related to a pleiotropic effect. Therefore, adaptive factors such as climate, feeding (Peruquetti, 2003) , altitude as found by Nunes et al. (2007; may affect the local population size. Similarly, the effect of genetic drift must also be considered particularly in situations of habitat fragmentation and formation of small local populations, both of which intensify genetic drift, Spatial variation in Melipona quadrifasciata anthidioides decrease intra-population variance and increase interpopulation polymorphism. Genetic drift allows some alleles to move on to the next generation at higher or lower frequency, to be lost or to be randomly fixed. Allele fixation by genetic drift depends primarily on its initial frequency in the population as a process occurring within every finite population, being faster in smaller populations (Stearns and Hoekstra 2000; Araújo et al., 2000) . Genetic drift is particularly intense among the Meliponinae because they are monoandric, their populations are small and their habitat is fragmented, causing differences among the local populations, lower genetic variability within each population, and greater risk of population extinction.
Habitat fragmentation is one of the causes leading to lowering genetic variability. Therefore, rational bee keeping is interesting for the development of appropriate management and preservation of local populations in disturbed environments.
Similar studies conducted by Diniz-Filho et al. (1998) with populations of Tetragonisca angustula angustula found low cophenetic correlation coefficients and no geographic structure, demonstrating that somehow this species must maintain some level of gene flow. Something similar may be happening with M. quadrifasciata anthidioides that does not have a geographically structured population. Similar results were found by Mendes et al. (2007) who characterised a population of Nanntrigona testaceicornis and found more similar subpopulations that were related to similarities in inbreeding by geometric morphometrics. On the other hand, Diniz-Filho et al. (1998) found differences associated with size and geographic location. Similar results were found in this study, where body size was apparently more affected by the different habitats than the shape of these individuals. Bidau et al. (2012) found that body size in species of grasshoppers is positively correlated with latitude, altitude, and seasonality, and that these factors influence development and growth.
Geographical distance and altitude influence the size of the wing of M. quadrifasciata anthidioides. This result confirms those found by Nunes et al. (2007) , who reported that the altitude is a factor that influences the divergence between the colonies of M. scutellaris as analysed by wing size. And Nunes et al. (2008) found that wing size is affected by geographic distance and by altitude, with altitude causing greater variance on group formation among M. quadrifasciata anthidioides in Semi-Arid Region of Bahia State.
These results may be associated with Bergmans rule. According to this theory, animal body size varies with altitude and latitude (Bidau et al., 2012) . Hepburn et al. (2001) , by means of morphometric analysis, recorded that in the honeybee Apis cerana the body size increases with altitude, results congruent with this study. We conclude that there is a morphogenetic difference among populations of M. quadrifasciata antihidioides associated with wing size that is influenced by geographic location with emphasis on altitude. The thermal properties of bees are strongly dependent on body size and the size variation may be an adjust for environmental conditions that change with the altitude.
These results indicate greater evolutionary constraints for the shape variation, which must be directly associated with aerodynamic issues in this structure. The size, however, indicates that the bees tend to have larger wing in populations located at higher altitudes.
